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Lecture 1/Wed morning  “Where do 
nutrients come from? Physical and 
biological supply terms”

•
 

Using chemical sensors to 
understand the microbial role in nutrient 
supply

Lecture 2/Thurs morning  “Drifting toward 
metabolic balance”

•
 

Using chemical sensors to examine 
the balance of carbon production in the 
ocean.

Lecture 3/Thurs afternoon  “Iron: the other 
limiting nutrient”

•
 

What’s the latest, from sedimentary 
chemistry to global engineering.

J. Johnstone, 
Condition of Life in 
the Sea, 1908



Profiling floats provide access to the 
open ocean.  All we need are sensors 
and the scientific inspiration to use the 
data.



Symposium 1/Saturday   “How will we measure the response of 
carbon export to climate change?”

•
 

If you had a global, wireless chemical sensor network, 
how would you apply the data to understand the changing 
microbial environment in the ocean?  
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E. Boss et al., in press.  Show 3 yrs of data for a 
fluorometer

 
on a profiling float in the Labrador Sea.



Time series of POC 
variability from SOLO1128 
and SOLO1175 in Subarctic 
N. Pacific inferred from 
transmissometer

 measurements (Bishop et 
al., 2002).

Bishop, J.K.B., R.E. Davis 
and J.T. Sherman. 2002. 
Science, 298: 817-821.
Bishop, J. K. B., T. J. Wood, 
R. E. Davis and J. T. 
Sherman. 2004. Science, 
304, 417-420.



“How will we measure the response of carbon export to 
climate change?”

•
 

In Saturday’s Symposium, I’m going to propose a global 
sensor network deployed on floats and gliders.

•
 

If I describe the basics of a global sensor array, are any 
students interested in proposing experiments with such a 
system that might address the effects of climate change on 
microbial processes, including carbon export?  I.e., I’ll give 
you time at the symposium to briefly describe the things you 
might be interested in doing.



Lecture 1/Wed morning  “Where do 
nutrients come from? Physical and 
biological supply terms”

•
 

Using chemical sensors to 
understand the microbial role in nutrient 
supply

Lecture 2/Thurs morning  “Drifting toward 
metabolic balance”

•
 

Using chemical sensors to examine 
the balance of carbon production in the 
ocean.

Lecture 3/Thurs afternoon  “Iron: the other 
limiting nutrient”

•
 

What’s the latest, from sedimentary 
chemistry to global engineering.

James Johnstone, 
Condition of Life in 
the Sea, 1908



“Now what is the message there? The message is 
that there are no "knowns." There are things we 
know that we know. There are known unknowns. 
That is to say there are things that we now know we 
don't know. But there are also unknown unknowns. 
There are things we don't know we don't know. So 
when we do the best we can and we pull all this 
information together, and we then say well that's 
basically what we see as the situation, that is really 
only the known knowns and the known unknowns. 
And each year, we discover a few more of those 
unknown unknowns. It sounds like a riddle. It isn't a 
riddle. It is a very serious, important matter.”

Former Secretary of Defense Donald Rumsfeld



Three key knowns:

•
 

Nitrate is depleted in the surface waters of most 
of the ocean and the low concentration limits 
growth rates and biomass accumulation of 
photoautotrophs. 

•
 

Concentrations of nutrients are linked because 
they are consumed and remineralized

 
in relatively 

constant ratios (i.e., N/P or N/C approximately 
constant).  

•
 

Production of new organic material limited by 
rate at which fixed nitrogen is supplied to the 
euphotic

 
zone.

N.b. -
 

there are important exceptions to each of 
these points which point to unknown unknowns.





Abundant plant growth limited to regions where 
nutrients come to the surface.
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Extended
Elemental ratio of Phytoplankton

(Redfield Ratio)
To grow, plants need light and fertilizer:

(C124 N16 P1 S1.3 K1.7 Mg0.6 Ca0.5 )1000

Fe7.5 Zn0.80 Mn0.4 Cu0.4 Co0.2 Cd0.2 Mo0.03

106 CO2 + 16 HNO3 + H3 PO4 + 122 H2 O 
(CH2O)106 (NH3)16 H3PO4 + 138 O2

Ho et al., Journal of Phycology, 2003

add 30 Si if you are a diatom
if you can fix N2

 

then substitute N2

 

for the NO3

 

.....



Redfield  -16 NO3
-

 
: -106 TCO2

 

: +138 O2

1934



In the nearly 80 years since Redfield’s contribution, 
improved precision and more data allow us to explore 

variations of chemical ratio’s in space –
 

N*, P*....   Is the 
spatial resolution good enough?





James Johnstone, The Condition of Life in the Sea, 
Cambridge Univ. Press, 1908
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About 80% of 
primary 
production 
recycles thru 
microbial loop 
a.  The inputs 
of “New”

 nutrients 
(b’+c+d) must 
balance 
export b’’



Despite requirement 
for balance, estimates 
of export and new 
production are much 
higher …

than estimates of 
nutrient supplies by 
diffusion, entrainment, 
atmospheric 
deposition.

Are eddies a 
significant source?

How about N-fixation?

Williams and Follows, 
2003





Science, 234, 1986

Low vertical 
fluxes imply 
“a biologically 
unproductive 
oligotrophic

 ocean”.



The 
oligotrophic

 ocean is no 
longer 
considered 
“biologically 
unproductive”.

What supplies 
the nutrients to 
the 
oligotrophic

 ocean?

Fasham
 

et al., 
2003



…. only the net biological production of organic matter can 
explain the Bermuda (and now Hawaii) mystery. There are 
three potential sources of new N: (1) N2-fixation, (2) 
atmospheric deposition, and (3) active transport via 
vertically migrating phytoplankton. A careful assessment of 
these potential sources at both sites has revealed a 
significant role for N2 fixation as a new export and 
production pathway (Michaels et al. 2000). This does not 
necessarily solve the BATS and HOT disappearing N-DIC 
mysteries, but it does provide a hypothesis for future field 
evaluation.



What about eddies?  Cyclonic eddies cause thermocline
 to uplift, raising nutrients into euphotic

 
zone.





But eddy driven upwelling that brings up NO3

 

, also brings up 
inorganic carbon and there should be no TCO2

 

drawdown!
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Rhizosolenia
 

mat nitrate release supplies at least 
4–7% of the nitrate pool on daily basis, and 
possibly as much as 27%. Rhizosolenia

 
mats are 

part of a large phytoplankton community that 
appears to migrate, and rates could be significantly 
higher.  Literature reports suggest little or no 
nitrification in the upper euphotic

 
zone, and thus 

biological transport and release of nitrate may be a 
major source to this region. This N release is 
uncoupled from upward CO2

 

transport and, like N2

 fixation, provides a component of the N pool 
available for net carbon removal.

Singler
 

and Villareal
 

–
 

SCUBA at 10 m, what’s 
going on deeper?



Mann and Lazier, Dynamics of Marine Ecosystems

Typical 
tropical 
structure?
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The classical paradigm:  
DCM is controlled by a 
balance between nitrate 
limitation at the surface and 
light limitation at depth (& 
turbulence, variable 
sinking, variable Chl/C…).  
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FEVER 2005: biomass and primary production maxima are shallower than 
nitratecline.  Is nitrate transported from here to here where production and

 

biomass 
is highest?  Tough to do by diffusion.
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Why is there so much 
chlorophyll (and 
presumably biomass) 
below the nitracline?



Looking at a 
broader set of 
data:
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Deep 
Chlorophyll 
Max near 
Nitracline.

Deep 
Chlorophyll 
Max but high 
nitrate all the 
way to the 
surface.

The linkage of chlorophyll to nitrate gradient is not very 
evident!!
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What is common in these profiles?  The lower tail of the DCM 
ends at the ferricline!

Once there is a 
clear iron 
concentration 
increase, 
chlorophyll is no 
longer found.

Presumably 
reflects iron 
uptake by 
phytoplankton at 
great depths, all 
the way to 250 m 
at 12 S and 150 m 
at 61 S.  
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Oct 1992 0N, 140W

A deep diatom community as well as bacterio-plankton are 
present at many sites (and no data at others).  Can large diatoms 

migrate beneath euphotic zone to acquire Fe?  Is nitrate 
transported from nitracline

 
to surface? What role do picoplankton

 play?
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Vertical 
migration 
would 
separate 
the most 
limiting 
nutrient 
from others 
by driving 
it’s “cline”

 down to 
greater 
depth.  

HOT

What would you 
predict at BATS?
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BATS

Has lots 
of Fe.  
This 
enables 
N-fix. so 
PO4 
becomes 
limiting



Science 
2000

Even with N2

 

fixation, where does required PO4
3-

 

come from?



P* = PO4
3-

 

- NO3
-/15 ;  Deutsch et al., Nature, 2007



What can higher resolution data tell us about in 
situ processes?
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The state of the art in chemical observing for nearly 80 years. 
Harvey (1928) –

 
Annual cycle of nutrients in the English 

Channel.  We have to do better to resolve these questions.



60 cm

11 cm

ISUS

• 7 watts continuous

• can operate at >3 hz

•
 

measurement cycle from 
cold start is ~3 s

• 12 months of hourly obs.

• precision ~ 0.07 µM (1 sd) Johnson and Coletti, 
Deep-Sea Res., 2002
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Realtime

 

delivery of data as numeric values or plots using the FloatViz

 

system –

 
http://www.mbari.org/chemsensor/floatviz.htm



160 days of nitrate profiles near HOT:  37 profiles to 
1000 m at 5 day intervals x 61 measurements/profile 
= 2257 observations.  Precision about 0.25 μM.



NO = 138/16 * NO3
-

 
+ O2

 

;  Broecker, Earth Planet. 
Sci. Lett.,  1974

As O2

 

is 
consumed, NO3

-

 is remineralized
 and NO does 

not change.  

We can make 
one correction 
to the formula.



NAOU = 138/16 * NO3
-

 
+ O2

 

– O2

 

Solubility at T, S 

= 8.6 * NO3
-

 
-

 
Apparent O2

 

Utilization (AOU)
NAOU miminizes

 
variability by removing changes in O2

 

due 
to solubility differences.  It should be 0, unless preformed 
nitrate present.



O2

 

consumed here, but 
less NO3

-

 
than expected 

= NO3
-

 
Uptake?

O2

 

production here.

A mechanism to add nitrate to the euphotic
 

zone 
without adding dissolved inorganic carbon



NO plotted using HOT-DOGS



About the only way NAOU can be <0 is loss of 
nitrate, here by denitrification

 
in the ETNP,        

here be phytoplankton vertical transport.



The large negative values in NAOU over large 
regions of the oligotrophic

 
ocean indicate vertical 

migration to acquire nutrients is pervasive.



Still can’t ignore eddies.  Largest anomaly in sea surface height (+20 cm)

 
occurs around January 1, 2008.  Indicates a large, anti-cyclonic event.



http://las.aviso.oceanobs.com/



Anticyclones are supposed to depress the thermocline
 and have no ecosystem response.



Five nitrate injection events drive 
increase in oxygen production rate.  
NO3

-

 

contours at 0.5 and 0.75 µM = 2 
SD and 3 SD of data in upper 100 m.  
All NO3

-

 

data corrected for drift using 
900 to 1000 m data.  Lines on O2

 

plot 
are least squares fits to data in the 
range spanned by the line.  5 day 
cycle time barely resolves these 
events.

O2

 

at 75 m



AVISO http://www.aviso.oceanobs.com, a 
merged product of all 3 satellite altimeters.

http://www.aviso.oceanobs.com/










































Where are we headed?  

•
 

Ammonium, the Rodney Dangerfield of 
nutrients.  It gets no respect!
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Lot’s of reason’s not to want 
to work from ships, but 
comfort isn’t at the top of the 
list.  

We need much higher 
resolution measurements to 
understand the ocean and to 
predict how it will change in a 
warming climate.
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